Background: Greater quadriceps strength has been associated with lower risk of symptomatic knee osteoarthritis (OA) in older adults. However, factors that confer elevated risk of knee OA (eg, sedentary lifestyle, obesity, and knee injury) also contribute to a reduced tolerance of resistance training programs at !60% 1-repetition maximum (1RM). Therefore, the current study assessed whether concurrent application of blood flow restriction (BFR) to low-load resistance training is an efficacious and tolerable means of improving quadriceps strength in men at risk of symptomatic knee OA. Methods: Men older than age 45, with a history of knee injury or elevated body mass index (BMI), were randomized to low-load resistance training (30% 1RM) either with or without concurrent BFR. Isotonic double-leg press strength and isokinetic knee extensor strength were assessed before and after 4 weeks of training 3 times/wk. Knee pain (Knee Osteoarthritis Outcome Score) was assessed for tolerance. Results: Of the 42 men (mean age 56.1 + 7.7 years) who were randomized, 41 completed the program. There were no significant intergroup differences in age, BMI, knee pathology, or muscle strength at baseline. Although leg press 1RM improved in both control and BFR groups, there were no significant intergroup differences in primary or secondary measures of muscle strength. The BFR was not associated with worsening of knee pain, but there was a significant improvement in knee pain in the control group. Conclusions: In comparison with training without BFR, addition of BFR to 30% 1RM resistance training for 4 weeks did not confer significantly greater increases in leg press or quadriceps strength in older men with risk factors for symptomatic knee OA.
Introduction
Osteoarthritis (OA) is a leading cause of disability in older adults. 1 The knee is the most common weight-bearing joint affected by OA, with an estimated 45% of all adults at risk of developing symptomatic knee OA in their lifetime. 2 One biomechanical factor that may significantly contribute to incident symptomatic knee OA and progression of cartilage loss is quadriceps weakness. [3] [4] [5] Multiple studies have reported that individuals with knee OA have weak quadriceps muscles, 4, [6] [7] [8] [9] [10] [11] and an observational study revealed that higher quadriceps strength protected against the development of incident symptomatic knee OA. 5 Since the quadriceps, in addition to other lower limb muscles, are necessary for knee loading and stability during locomotion, increasing quadriceps muscle strength may result in increased physical function of those with or at risk of knee OA and decrease the incidence and/ or progression of the disease.
The Osteoarthritis Research Society International recommends strength training as a possible treatment or a method to slow progression of knee OA. 12 Strength training, as recommended by the American College of Sports Medicine, must be performed at a minimum resistance training load of 60% to 70% 1-repetition maximum (1RM) for strength gain and 70% to 85% 1RM for muscle hypertrophy. 13 Unfortunately, factors that confer elevated risk of symptomatic knee OA (eg, obesity, knee pain, knee injury/surgery) 14, 15 also contribute to a perceived reduced tolerance of the high-load programs recommended for eliciting strength gains. 16 Thus, for reducing disease risk and enhancing physical function, there is a need for a means of effectively strengthening the quadriceps muscles while limiting pain and adverse joint loading in people with or at risk of knee OA.
An alternative to traditional strength training that may be well tolerated by those with or at risk of knee OA is blood flow restriction (BFR) augmented low-load resistance training. Blood flow restriction is attained through administering pressure externally with a pneumatic cuff. The applied pressure occludes venous outflow while maintaining arterial inflow. 17 Studies of healthy adults have revealed that strength gains and muscle hypertrophy in the context of BFR low-load training (even 20% 1RM) are similar to those achieved with traditional strength training. [18] [19] [20] [21] Furthermore, a recent study found that BFR low-load training over the course of 4 weeks was an effective means of stimulating strength gains in older women with risk factors for knee OA, in comparison to lowload training only. 22 Additionally, in that study, muscle strength was gained without increasing knee pain or interfering with activities of daily living (ADL) or quality of life (QOL). Therefore, the primary aim of the current study was to assess whether BFR is an effective means of increasing lower limb strength in men at risk of knee OA, through a double-blind, randomized controlled study.
Methods Participants
Community-dwelling, ambulatory men, aged 45 and older, volunteered to participate in the study at a university-based exercise laboratory. The participants were recruited via advertisements in clinics, businesses, and local newspapers; e-mail; and postal letters. Participants were included if they either had radiographic knee OA without symptoms or had at least 1 of the following risk factors for symptomatic knee OA: knee injury resulting in inability to walk without assistance for at least 2 days; knee surgery (other than bilateral knee arthroplasty); knee pain, aching, or stiffness on most of the prior 30 days; or were overweight or obese (body mass index [BMI] over 25 kg/m 2 ). These specific inclusion criteria were used in order to remain consistent with the inclusion criteria for the Multicenter Osteoarthritis Study, 23 in order to maintain generalizability to those participants in whom muscle weakness was found to confer elevated risk of symptomatic knee OA. Phone screens were administered to confirm that those interested had not participated in resistance training in the 3 months prior to their appointment, that they did not anticipate missing more than 2 of the 12 exercise sessions in the following 4 weeks, and that they did not report health issues or conditions that might restrict safe participation in the study (eg, bilateral knee replacements; lower limb surgery in the last 6 months; back, hip, or knee problems that affect walking; diagnosis of inflammatory joint or muscle disease, such as rheumatoid or psoriatic arthritis or polymyalgia rheumatica; neurologic diagnoses, such as multiple sclerosis or peripheral neuropathy; history of cancer, peripheral vascular disease or deep venous thrombosis; history of myocardial infarction or stroke in the last year; chest pain during exercise or at rest; or need for supplemental oxygen).
The investigators' institutional review board (IRB) approved the study protocol, and it was registered at http:// clinicaltrials.gov/show/NCT01487525. Participants provided written informed consent following completion of an IRBapproved consent process. In addition, vital signs were assessed before testing while seated to ensure a blood pressure less than 180/100 and heart rate >40 and <110 beats/min.
Group Assignment
A random number generator (randomization.com) was used for 1:1 assignment to either low-load resistance training (control) or low-load resistance training with BFR (intervention). Exercise trainers not involved in the baseline or outcome assessments sequentially opened each participant's sealed, opaque envelope containing his group assignment. Participants were unaware of which group was considered the intervention, were instructed not to talk about their exercise experience if they incidentally met another participant, and appointments were staggered to avoid interaction between participants.
To ensure accurate data, all exercise equipment was calibrated before the initiation of the study. In addition, the outcome assessor was uninvolved with both the training protocol and randomization of participants and was trained and certified in the strength testing protocols.
Bilateral Leg Press Isotonic Strength (Primary Outcome Measure)
Isotonic leg press strength of each participant was measured on an instrumented pneumatic leg press with digital output (Keiser A420; Keiser, Fresno, California) in order to determine the proper training load for each participant. The seat was adjusted to ensure that each participant's knees and hips were flexed at a 90 angle while both feet were on the foot pedals. Participants were familiarized with use of the machine during an orientation session 2 to 4 days before the baseline measurement visit. Prior to strength testing, participants completed a warm-up at lower resistances: 10 repetitions at 25% of their orientation 1RM and then 5 repetitions at 50% of orientation 1RM. Strength testing consisted of performing full range of motion, bilateral leg presses at increasing resistances until they could no longer fully extend their legs. If the load was considered to be too light, the participant was then given a 3-to 5-minute break before attempting a higher resistance. The 1RM was defined as the resistance at which the participant was unable to perform greater than 1 complete leg press. Trainers provided standardized verbal encouragement until the participant was no longer able to perform the leg presses. During final visits, conducted a median of 3 days following completion of the 4-week training, the same assessor repeated these measurements.
Isokinetic Knee Extensor Strength (Secondary Outcome Measure)
Studies that found knee extensor weakness to be a risk factor for incident symptomatic and progressive knee OA were conducted with an isokinetic dynamometer. [3] [4] [5] Therefore, in addition to the primary outcome measure, leg press strength and peak isokinetic knee extensor torque for each lower limb were measured using a Biodex System 3 Dynamometer (Biodex Medical Systems, Inc, Shirley, New York) during baseline and final visits. Biodex medical system software version 3.30, System 3 PRO, Rev N was used for data acquisition. Participants were familiarized with the machine and were seated in a chair with a hip joint angle of 85 . The center of the lateral femoral condyle was visually aligned with the axis of rotation of the dynamometer. The seat back was positioned such that the participants were comfortably sitting with their back flush against the seat back, and the popliteal fossa overhanging the front edge of the seat by approximately 2 fingerbreadths, leaving the knee free to move. The dynamometer arm length was adjusted to each participant and the shin pad was secured proximal to the medial malleoli with straps. Participants were stabilized with bilateral shoulder straps, a lap belt, and strap over the thigh to be tested, such that participants could not lift their thigh or body off the chair upon extension. Participants performed 4 maximum isokinetic knee extensions and flexions at 60 /s for their maximum range between 90 of knee flexion and full extension. Settings for the chair and dynamometer were recorded upon initial testing and were again used for followup testing.
Knee Pain (Tolerance of the Intervention)
The Knee Osteoarthritis Outcome Score (KOOS) was used to assess for exacerbation of knee symptoms or worsening function in participants over the course of the study. The KOOS is a reliable 42-item self-administered questionnaire that covers 5 patient-relevant dimensions: pain, other disease-specific symptoms, ADL, sport and recreation, and knee-related QOL. 24 The KOOS is responsive and sensitive to changes in people with knee OA. 25 
Low-Load Resistance Training Protocol
All participants completed the protocol outlined in Figure 1 using the bilateral leg press. During the training period, the training load remained at 30% of each participant's 1RM. Those randomized to the control group completed the protocol without the BFR device and those randomized to the intervention group completed the protocol with the BFR device.
Intervention-BFR
Femoral blood flow was restricted with the Kaatsu Master BFR device (Sato Sports Plaza, Tokyo, Japan), which includes a control unit, pneumatic pump, and 2 pneumatic cuffs (65 mm width and 650 mm length). The cuffs were applied to the proximal aspect of each thigh. The device causes pooling of blood in capacitance vessels distal to the cuffs by restricting arterial while occluding venous blood flow. 20, 26, 27 Before training, an initial pressure of 30 mm Hg for the first training and 40 mm Hg for all subsequent trainings was applied per the protocol detailed in Table 1 . The distance from the upper pole of the patella to the cuff position was measured and recorded, and the cuff was placed at the same position on all subsequent visits. At each training session, the cuff was incrementally pressurized as detailed in Table 1 . Following the cuff pressurization, 4 sets of leg press were completed as previously described and depicted in Figure 1 . The total time the cuff was inflated was 6.5 minutes: 5 minutes of exercise and 1.5 minutes of rest between sets. Individual contraction duration lasted a total of 4 seconds-2-second shortening and 2-second lengthening contraction duty cycle-as this was previously shown to increase fatigue index.
28,29

Statistical Methods
An a priori sample size was estimated based upon prior data collected for the clinically significant difference in isokinetic knee extensor torque 5 and appropriate standard deviations (SDs) within and between groups. At a 1-sided significance level of .05, a SD in the knee extensor strength response variable of 56 Nm, and a power of 0.80, detection of an intergroup difference in mean change of 12.2 Nm would require at least 38 participants for this 2-treatment parallel-design study. The cuff was repeatedly inflated for 1 minute at each indicated pressure and then deflated for 10 seconds before continuing to the next pressure level, during week 1. For weeks 2 to 4, the cuff was repeatedly inflated for 30 seconds then deflated for 10 seconds before continuing to the next pressure level.
Therefore, anticipating up to a 10% dropout rate, we recruited 42 participants. Participant demographics that met the normality assumption were summarized using means + SDs. Baseline characteristics of each intervention group were compared using 2-sample t tests for continuous data (eg, age, BMI, and outcome assessments) and using Fisher's exact test for categorical data (ie, presence of knee OA). The number of visits attended was not normally distributed and was summarized with medians and interquartile ranges, and differences were analyzed using the Wilcoxon rank sum test. For withingroup analyses, paired t tests were used for each personbased variable of interest (ie, change in leg press 1RM and KOOS). For the main study analyses, the intergroup differences in person-based outcome variables were compared using 2-sample t tests for percentage of change in the outcomes. For the limb-based outcome variable (ie, knee extensor muscle strength), regression models were constructed to control for limb as a repeated factor within participants. As no significant intergroup differences existed in baseline characteristics other than isotonic leg press strength, analyses were not further adjusted. The SAS version 9.3 (SAS Institute Inc, Cary, North Carolina) was used for all analyses.
Results
A total of 44 participants between the ages of 45 and 90 years (mean: 56.1 + 7.7 years) met eligibility criteria and were enrolled in the study (Figure 2 ). The study was conducted between November 29, 2011, and February 27, 2012. Following enrollment, 3 participants discontinued the study due to lack of time (N ¼ 2) and intolerance to the intervention pressure cuff (N ¼ 1). At baseline, there were no statistically significant differences between patient's characteristics or baseline measurements ( Table 2) .
The median (interquartile range) number of sessions attended by the control group was 12 and by the BFR group was 12 (12-12). There were no significant differences in the number of training sessions attended (P ¼ .128).
There were no statistically significant intergroup differences in primary or secondary outcome measures, comparing control and BFR participants (Table 3) . However, leg press 1RM increased significantly in both the control (13.5 + 16.8 kg, P ¼ .001) and the BFR groups (11.3 + 14.0 kg, P ¼ .003). Significant improvements in isokinetic knee extensor strength (7.0 + 3.0 Nm, P ¼ .026) and KOOS scores (5.6 + 11.7 points, P ¼ .042) were observed in the control group, but not in the BFR group (À0.1 + 3.3, P ¼ .987; and 2.9 + 10.0, P ¼ .220, respectively).
Discussion
The purpose of the current study was to assess whether BFR in combination with low-load resistance training is an effective and well-tolerated means of increasing quadriceps muscle strength in men with or at risk of symptomatic knee OA.
We found that after 4 weeks, augmentation of 30% 1RM strength training with BFR did not result in significant differences in thigh muscle strength in men with or at risk of symptomatic knee OA. A secondary finding was that low-load training with or without BFR did not exacerbate kneespecific pain, as determined by KOOS scores (Table 3) .
Many variations in BFR exercise have been investigated, and while general suggestions are made, the most effective dose and duration of BFR with low-load strength training remain unclear at this time. 17, 30 Some studies report that 4 weeks or less of lower limb low-load training with concurrent BFR is sufficient to elicit greater increases in strength than lowload training alone. 20, 22, 31 However, our findings with older men with or at risk of knee OA contribute additional evidence that suggests longer durations of training with BFR may be necessary to elicit greater strength gains than low-load training alone.
18,32 The current study was similar to another low-load training study of men, in which a short training duration (5 weeks) was insufficient to elicit greater strength gains in the BFR group versus low-load training only. 32 Several studies have trained participants for longer durations and detected a greater increase in muscle strength. 19, 33 For example, a nonblinded study of double leg press and knee extension training in a similar age population, training at 20% to 30% 1RM in combination with BFR was found to be sufficient to induce significant strength increases of 33.4% in leg press and 26.1% in knee extension strength following 12 weeks of training. 19 Not only was the increase in strength greater than that observed in the current study, but the BFR group also had significantly greater strength gains than the low-load only group. Therefore, it is possible that increasing the training duration to greater than 4 weeks may result in greater increases in strength with BFR than with low-load training alone in men with or at risk of symptomatic knee OA.
The exact mechanisms associated with strength gains that have been reported with use of BFR during low-resistance training remain incompletely understood. The role of muscle hypertrophy, rather than neural adaptations, has been suggested to be a primary factor associated with strength gains within the initial several weeks of resistance training with BFR. 18 Although hypertrophy was not investigated in the current study, it is possible that hypertrophy that occurred in the BFR group was insufficient to exceed the response of neural adaptions that would have been expected in the control group. 34, 35 Hence, the lack of difference in strength increase between the BFR and the control groups, despite increases in leg press strength in each group and despite successful randomization resulting in an equal distribution of demographic characteristics, may relate to differences in the mechanisms of action of resistance training exercise with and without BFR.
It is also possible that more fit participants were randomly assigned to the BFR group at a higher rate. This possibility is supported by the greater isotonic leg press strength in the BFR group at baseline. Only participants who confirmed that they had not participated in strength training exercise during the 3 months prior to beginning the study were recruited. However, usual physical activity before and during the study was not assessed. Although many participants reported that they were inactive before the study began, some participants reported leading physically active lifestyles (eg, one participant in the BFR group was a bricklayer, another had US Army Reserve Duty, and another was an avid cyclist before and during the study). Physical activity contributes to overall muscle strength and these activities outside of the study could potentially have influenced the outcomes, as randomization did not necessarily successfully distribute these fitness and physical activity factors. Specifically, gains in lower limb strength observed in the control group could be associated with increased exercise or physical activity outside study participation and the reduced responsiveness to the BFR intervention over the 4-week duration could have been observed if those participants entered the study at a higher level of muscle conditioning. The difference in results between the current study and a prior study of women with risk factors for symptomatic knee OA 22 may also be related to fitness level. The women volunteers for the prior study were less physically active and less fit than the men who were recruited for the current study. 22 If the women were less physically fit, then it may have been easier to detect gains in strength over the 4-week study duration. Furthermore, the dose of BFR could also play a role in explaining differences between our findings and prior reports. Specifically, the differences between the men in the current study and the women in the prior study may relate to variability in the percentage of blood flow restricted (%BFR) at the same initial cuff pressure. Although the applied cuff pressure was the same in both studies, given that women have greater adipose deposits in their thighs, the women may have achieved greater %BFR at the same level of cuff tightness as the men. Therefore, the applied BFR dose for women may have been more effective in eliciting strength gains in comparison with low-load training without BFR over a 4-week duration than the dose achieved in men at equivalent cuff tightness levels.
In our study, we followed the manufacturer's instructions for the initial cuff pressure prior to inflation and the timing, progression, and magnitude of the final cuff pressures. Following completion of the current study, research has clarified that, to attain the optimal dose of BFR, cuff pressures need to be adjusted based on cuff width, limb circumference, and also on composition of muscle and fat in the limb. 36 For example, Meek et al reported that more lean muscle leads to less %BFR, while a higher percentage of body fat leads to a higher % BFR. 37 Based on this more recent evidence, if the current study were to be repeated, it would be desirable to adjust the initial cuff pressure based on these factors to achieve equipotent dosing among participants. To our knowledge, there have not been reports that have compared the effects of anthropometric and/or sex differences on the degree of strengthening conferred by BFR exercise, although Labarbera et al did study the differential effects of sex on muscle fatigue. 38 The lack of clarity regarding the determinants of BFR dosing, in the context of the different outcomes between the current study and the prior study of women, 22 indicate a need for further investigations, as this information may be important in understanding appropriate training parameters and interpreting the outcomes of BFR training.
This was one of the first randomized controlled trials of BFR utilizing a clinical population of interest-older men with or at risk of knee OA. This population is clinically important as greater strength may be protective against developing symptomatic knee OA and affected individuals may also be unable to tolerate traditional resistance training exercise programs due to having ''at-risk'' knees. Strengths of the current study included the strict inclusion criteria, allowing the results to be generalized to men who have identifiable risk factors for developing incident symptomatic knee OA. The randomized controlled design enhances internal validity through allowing valid assessment of the efficacy and potential adverse effects of the BFR training. The blinding of participants and outcome assessors to the treatment allocation allowed reduction in measurement bias that otherwise may have confounded interpretation of the study results. 39 In addition, there was excellent participant compliance throughout the study as participants in both the control group and the BFR group attended a median of 12 of the 12 sessions. During each individual session, the exercise trainers closely monitored the participants and equipment to ensure the protocol was meticulously followed.
Despite these strengths, there were several limitations to the current study. Muscle hypertrophy could not be assessed, as there were insufficient funds to allow cross-sectional imaging of the quadriceps muscles prior to and following the exercise training. The lack of morphological measurements limits the interpretation of the outcomes of the current study although less so than if a significant between-group difference in strength gains had been detected. Other limitations included not basing the initial cuff pressure and final cuff tightness on the thigh circumference or composition of muscle and fat in the limb and not measuring femoral blood flow during the exercise training to assess the real-time physiological effects of the intervention and not progressing the training load over the 4 weeks of training. Since the 1RM was not revaluated, the exercise load was not altered, if necessary, to maintain 30% 1RM throughout the entire study. It is possible that periodic adjustments to the resistance may have provided a greater challenge and a more adequate stimulus to produce greater strength gains, although this limitation would have limited strength gains in both BFR and non-BFR participants so may not have altered the primary outcome-the difference in strength gains between the groups. The investigators did not originally anticipate a need for progression prior to conducting the current study, as several prior BFR studies of 1-to 4-week duration did not progress the resistance. In addition, physical activity level should have been assessed and possibly entered as a covariate if there had been significant differences in physical activity between the groups. Finally, the inclusion criteria were selected to be identical to those for the study in which knee extensor muscle weakness was found to elevate risk of symptomatic knee OA. However, there is some heterogeneity among participants, due to recruitment for a variety of known risk factors for symptomatic knee OA. Knee extensor strength is important for reducing risk of incident symptomatic knee OA, 3, 5 so determining an alternative to traditional high-load strength training programs that is well tolerated and effective for strengthening the knee extensors is a key long-term clinical aim. While traditional strength training may be difficult for men with or at risk for knee OA, lowload strength training in combination with BFR could hold potential as a clinical intervention, if different exercise protocol parameters are found to be efficacious in future research. Importantly, while the current study did not formally evaluate all aspects of safety, measurement of tolerance did reveal that the exercise program, even augmented with BFR, did not increase knee pain (Table 3 ). In addition, other studies have reported that BFR low-load training is a safe alternative to traditional, high-load exercises, even in older adults. 27, 40 Therefore, further research utilizing BFR training is desirable to assess for parameters that enable tolerable strengthening and, if possible, eventually assess for protection against development of incident symptomatic knee OA.
In summary, the current study revealed that, for older men with risk factors for symptomatic knee OA, augmentation of leg press resistance training at an average intensity of 30% with BFR did not result in significant differences in leg press or knee extensor muscle strength gains at 4 weeks in comparison with the same training without BFR. Further studies are necessary to clarify whether a different training dose and duration may elicit muscle strength gains with BFR lowload exercise.
